Spatial regulation of cell division in Escherichia coli occurs at the stage of Z ring formation. It consists of negative (the Min and NO systems) and positive (Ter signal mediated by MatP/ZapA/ZapB) regulators. Here, we find that N-succinyl-L,L-diaminopimelic acid desuccinylase (DapE) facilitates functional Z ring formation by strengthening the Ter signal via ZapB. DapE depends on ZapB to localize to the Z ring and its overproduction suppresses the division defect caused by loss of both the Min and NO systems. DapE shows a strong interaction with ZapB and requires the presence of ZapB to exert its function in division. Consistent with the idea that DapE strengthens the Ter signal, overproduction of DapE supports cell division with reduced FtsZ levels and provides some resistance to the FtsZ inhibitors MinCD and SulA, while deletion of dapE, like deletion of zapB, exacerbates the phenotypes of cells impaired in Z ring formation such as ftsZ84 or a min mutant. Taken together, our results report DapE as a new component of the divisome that promotes the integrity of the Z ring by acting through ZapB and raises the possibility of the existence of additional divisome proteins that also function in other cellular processes.
Introduction
Cell division in most bacteria utilizes the Z ring, a cytoskeletal element composed of filaments of tubulin's prokaryotic homologue FtsZ (Bi and Lutkenhaus, 1991) .
The Z ring functions as a scaffold that recruits many additional proteins that together make up the divisome that divides the cell. The assembly of the divisome occurs in two temporally distinct steps (Aarsman et al., 2005) . In the first step, FtsZ filaments are attached to the membrane through interaction with two membrane tethers, FtsA and ZipA (Hale and de Boer, 1997; Pichoff and Lutkenhaus, 2005) . Additional proteins associate with the Z ring at this stage, all of which seem to interact directly with FtsZ. They include FtsZ associated proteins, ZapA, C, D and E, which can crosslink FtsZ filaments or reorganize FtsZ polymer networks to promote formation of the Z ring Marteyn et al., 2014) . FtsEX also associates with the Z ring through interaction with FtsZ and acts on FtsA to promote the recruitment of additional proteins in the second step of divisome formation (Schmidt et al., 2004; Corbin et al., 2007; Du et al., 2016) . Proteins arriving in the second step include the essential proteins FtsK, FtsQLB, FtsWI and FtsN as well as many additional nonessential proteins such as FtsP, AmiC and others (de Boer, 2010; Lutkenhaus et al., 2012) .
The assembly of the Z ring is spatially regulated by at least three systems. ZapA interacts with FtsZ and links the Z ring to the Ter region of the chromosome through ZapB (Bailey et al., 2014; Buss et al., 2015) . ZapB interacts with MatP, which forms a nucleoprotein complex with the Ter region (Mercier et al., 2008; Espeli et al., 2012) . This interaction network helps to stabilize and position the Z ring as well as coordinate cell division with chromosome segregation (Buss et al., 2015) . A recent study reinforced this idea by showing that ZapA and ZapB can form an FtsZ-independent structure, which is directed to midcell by the MatP-Ter macrodomain (Buss et al., 2017) . In addition to the positively acting Ter system, two negative regulatory systems spatially restrict Z ring assembly. The Min system prevents assembly away from midcell, whereas nucleoid occlusion (NO), which is mediated by SlmA in E. coli, prevents assembly over the nucleoid (Bi and Lutkenhaus, 1993; Bernhardt and de Boer, 2005; Lutkenhaus, 2007) . By preventing non-midcell assembly of Z rings these negative systems ensure that enough FtsZ is available to form a Z ring at midcell. Both systems function by attacking FtsZ filaments through a two-pronged mechanism, preventing filaments from reaching sufficient length to assemble a complete and functional Z ring anywhere but midcell (Shen and Lutkenhaus, 2010; Du and Lutkenhaus, 2014) .
Inactivation of Min leads to polar Z rings and formation of minicells (de Boer et al., 1989; Bi and Lutkenhaus, 1993) . Minicell production occurs at the expense of midcell division, resulting in an increase in the average cell length (Teather et al., 1974) . This increase in length can be suppressed by increasing FtsZ, arguing that FtsZ is limiting for division (Bi and Lutkenhaus, 1993) . Inactivation of SlmA has little effect on cell morphology, however, inactivation of both Min and SlmA leads to a synthetic lethal phenotype at 308C in rich (LB) medium (Bernhardt and de Boer, 2005) . Under such conditions Dmin DslmA cells are unable to divide and form long nonseptate filaments that contain scattered FtsZ structures, none of which are able to mature into a functional Z ring (Bernhardt and de Boer, 2005) . This division defect appears to be due to the dispersal of FtsZ among too many incomplete structures and a modest increase in FtsZ suppresses the double mutant (Bernhardt and de Boer, 2005) . While constructing such a double mutant we observed that the lethality was also suppressed by growth at high temperature. In trying to understand the basis for this temperature suppression we found that an increased level of DapE, an enzyme involved in the synthesis of a precursor for cell wall synthesis, also suppressed the lethality of the double mutant. Here, we explore the basis for this suppression by DapE and find that it is a component of the divisome and that it promotes functional Z ring formation by acting through ZapB to enhance the Ter signal.
Results
High temperature suppresses the division defect of the Dmin DslmA mutant slmA was originally isolated as a gene that, when inactivated, is synthetic lethal with a min deletion at 308C (Bernhardt and de Boer, 2005 ). However, increasing the level of FtsZ 2-3 fold suppressed the synthetic lethality of the Dmin DslmA double mutant (Bernhardt and de Boer, 2005) . Therefore, to generate a Dmin DslmA mutant at 308C, the min::kan allele was transduced into a slmA deletion strain in the presence of the plasmid pKD3A (Dai and Lutkenhaus, 1991) , which increases FtsZ 2-3 fold but is temperature sensitive for replication. Unexpectedly, the transductants grew well at both 30 and 428C, even though the colonies obtained at 428C became sensitive to ampicillin indicating pKD3A was lost. This result suggested that the extra FtsZ provided by the plasmid was not necessary for the Dmin DslmA double mutant to grow at 428C. To confirm this, the min::kan allele was P1 transduced into wild type and slmA deletion strains in the absence of pKD3A and transductants selected at 42 and 308C. As shown in Supporting Information Fig. S1 , transductants were obtained with the wild type strain at both 42 and 308C, however, transductants were only obtained at 428C with the slmA deletion strain. As expected the purified Dmin DslmA transductants grew well at 428C but not at 308C (Fig. 1A) . Examination of the morphology of the Dmin DslmA cells showed that they were heterogeneous in cell length at 428C but became extremely filamentous after a shift to 308C for 3 h (Fig. 1B) , consistent with a defect in cell division. As a control, the Dmin cells were heterogeneous in cell length and produced mini cells at both 30 and 428C. Together these results indicate that the synthetic lethality of the Dmin DslmA double mutant is suppressed at high temperature on LB medium.
The simplest explanation for the suppression is that the chromosomal level of FtsZ increases at 428C. We thus checked the level of FtsZ in the Dmin DslmA mutant at 428C and after shifting to 308C for 2 h. As shown in Fig. 1C , there was 10% more FtsZ when cells were grown at 428C compared to 308C, but that increase is less than the level required for suppression, suggesting that the suppression is not due to an increase in the FtsZ level.
Overproduction of known cell division proteins does not rescue the Dmin DslmA mutant Many cell division proteins have been proposed to promote Z ring formation or stabilize the Z ring once it is formed, such as FtsZ associated proteins (ZapA, ZapC and ZapD) and FtsN (Rico et al., 2010; Huang et al., 2013) . It is possible that one of these proteins is overproduced at 428C such that additional FtsZ is not necessary for the survival of the Dmin DslmA mutant. If this is the case, then increased production of such a protein at 308C should rescue the growth of the Dmin DslmA mutant. As shown in Supporting Information Figs. S2 and S3, among the Fts or Zap proteins tested only FtsZ and ZapC suppressed the growth defect of the Dmin DslmA mutant at 308C. Although overproduction of ZapC appears to rescue the growth of the Dmin DslmA mutant at 308C, the cells are highly filamentous, indicating that the division defect is not well suppressed (data not shown). Based on these results, we concluded that individual overproduction of most known cell division proteins cannot suppress the division defect of the Dmin DslmA mutant and that suppression by high temperature is probably due to other division proteins that have not been identified or other reasons.
Isolation of DapE as a multicopy suppressor of the Dmin DslmA mutant
Although it is not clear why the Dmin DslmA mutant is temperature sensitive for growth, its phenotype was used to screen for additional proteins that might be involved in Z ring formation. To do this, we transformed a multicopy library of E. coli genomic fragments into Dmin DslmA cells and selected for survivors at 308C. We expected to isolate plasmids containing ftsZ, slmA, the min operon and possibly unknown division proteins or regulators. Spontaneous suppressors of the Dmin DslmA mutant arose at a frequency of 10 25 and transformation with the multicopy library increased the frequency about 50-fold. Suppressors could be divided into two classes: one that grew well and one with a significantly reduced growth rate. The latter class was not pursued further. Plasmids from 30 suppressors of the first class were isolated and the inserts determined by sequencing the two ends of the inserts. As expected, 2 of the plasmids carried ftsZ and 10 carried slmA. Another nine plasmids share the dapE-ypfN coding sequences and one carried an insert containing the yciK-btuR operon and part of sohB. The inserts of the remaining eight suppressor plasmids were not examined in detail because they contained fused fragments from around the chromosome. We focused on the suppressor plasmids containing dapE-ypfN because of the high frequency of their occurrence. dapE encodes the essential enzyme N-succinyl-L,L-diaminopimelic acid desuccinylase that catalyzes the hydrolysis of N-succinyl-L,Ldiaminopimelic acid to form succinate and 2,6-diaminopemelic acid (DAP) (Bukhari and Taylor, 1971) . DAP is a precursor for the biosynthesis of meso-diaminopimelic A. Growth of wild type, Dmin, DslmA and Dmin DslmA strains at 42 and 30˚C. Single colonies of the indicated strain obtained from LB plates at 42˚C were restreaked on LB plates and grown at 42 and 30˚C overnight. B. Morphology of the Dmin or Dmin DslmA strains at 42 and 30˚C. Overnight cultures of W3110 min::kan and DU5 (W3110 min::kan slmA::cat) from 42˚C were diluted 1:100 in fresh LB medium with antibiotics and grown at 42˚C for 2 h. The cultures were then diluted 1:10 in fresh LB medium and split in half. One was kept at 42˚C, while the other was shifted to 30˚C. Cells growing at 42˚C for 2 h were photographed while cells growing at 30˚C were photographed after 3 h. The scale bar is 5 lm. C. Western blot to detect the level of FtsZ and ZipA in Dmin DslmA strain grown at 42 and 30˚C. Strain was grown as in (B) and volumes of samples were taken for analysis according to their OD 600 . Quantification of the protein bands was carried out with ImageJ and normalized to the level of FtsZ or ZipA at 30˚C.
acid, which is an essential component of the peptidoglycan and lysine. dapE was originally isolated as a multicopy suppressor of a temperature-sensitive mutant of the heat shock gene grpE (grpE280) (Wu et al., 1992) . It has also been isolated as a multicopy suppressor of ftsEX and sufI (ftsP) deletion strains (Samaluru et al., 2007) . Since such strains are conditionally essential for cell division, it suggested a role for DapE in cell division. These findings also suggest that suppression of the Dmin DslmA mutant by plasmids carrying dapE-ypfN was due to overexpression of dapE. However, it was still possible that the suppression was due to ypfN, which encodes a 66 amino acid protein with unknown function. To determine which gene was responsible for suppression, dapE and ypfN were cloned separately into pBR322 and their effect on growth of the Dmin DslmA mutant tested. As shown in Fig. 2A , the plasmid carrying dapE rescued the growth of the Dmin DslmA mutant at 308C as well as one of the original suppressor plasmids, while a plasmid carrying ypfN did not indicating suppression is due to DapE. To confirm this, dapE was cloned on a plasmid under control of an IPTG-inducible promoter. This plasmid suppressed the growth defect of the Dmin DslmA mutant at 308C in an IPTG-dependent manner (Fig. 2B) . Together, these results demonstrate that overexpression of dapE suppresses the Dmin DslmA mutant at 308C and suggest that DapE influences division. A. Isolation of DapE as a multicopy suppressor of the Dmin DslmA strain. Single transformants of DU5 (W3110 min::kan slmA::cat) carrying plasmid pBR322 or its derivatives from plates incubated at 42˚C were restreaked on LB plates with appropriate antibiotics and grown at 42 and 30˚C overnight. B. DapE suppresses the growth defect of the Dmin DslmA strain in a dosage dependent manner. Single transformants of DU5 (W3110 min::kan slmA::cat) carrying plasmid pDSW208 or pDSW208-dapE from plates incubated at 42˚C were resuspended in 1 ml LB medium and serially diluted. Three microliter of each aliquot was then spotted on LB plates with appropriate antibiotics and increasing concentrations of IPTG. The plates were incubated at 42 and 30˚C overnight before photography.
The enzyme activity of DapE is not necessary for suppression of the Dmin DslmA mutant
Since DapE is an essential enzyme involved in cell wall precursor synthesis, we first checked whether its enzymatic activity was necessary for the suppression of the Dmin DslmA mutant. The enzymatic activity of DapE has been extensively studied and a number of residues are known to be important for its activity, including E134 which is important for binding the cofactor Zn 12 (Davis et al., 2006; Nocek et al., 2010) . We, therefore, changed E134 to alanine and tested whether the corresponding mutant would allow the deletion of chromosomal dapE. The presence of a plasmid carrying WT dapE allowed P1 transduction of dapE::cat, whereas a plasmid expressing dapE E134A did not (Supporting Information Fig. S4A ). This result confirmed that this substitution abolished DapE enzymatic activity. Nonetheless, overproduction of DapE E134A suppressed the Dmin DslmA mutant as well as wild type DapE in the presence of the chromosomal DapE (Fig. 3A) , revealing that the enzymatic activity is not necessary for suppression. Consistent with this, addition of DAP to the medium did not suppress the growth defect of the Dmin DslmA mutant at 308C (Supporting Information Fig. S4B ).
Since overproduction of DapE also suppresses the growth defect of the ftsEX deletion (Samaluru et al., 2007) , we checked whether suppression of an ftsEX deletion strain by DapE requires its enzymatic activity. As shown in Fig. 3B , overproduction of DapE E134A rescued the growth of an ftsEX deletion strain on LB plates as efficiently as wild type DapE, demonstrating that the enzymatic activity is not required for this suppression as well. Overall, these results suggest that DapE has a function in cell division that is independent of its essential enzymatic activity.
Overproduction of DapE promotes formation of functional Z rings
The loss of spatial regulation of Z ring assembly in a Dmin DslmA mutant results in a division block at low temperature because a functional Z ring is unable to form (Bernhardt and de Boer, 2005) . Instead, FtsZ assembles into aberrant structures throughout the cell, but none of them are able to mature into a competent Z ring even though the Ter signal is present (Bernhardt and de Boer, 2005 Since overproduction of DapE did not increase the level of FtsZ, we checked its effect on FtsZ assembly in the Dmin DslmA mutant at 308C. ZapA-GFP was used as a proxy for localization of FtsZ because ZapA interacts with FtsZ directly and associates with FtsZ polymers. As shown in Fig. 4 , the Dmin DslmA cells stop dividing and became filamentous after growth at 308C for 2 h in the absence of DapE overproduction. In these filaments, ZapA-GFP displayed ring like or spiral-like structures throughout the cell, consistent with previous observations (Bernhardt and de Boer, 2005) . Expression of dapE allowed the Dmin DslmA cells to divide and thus reduced filamentation, but cells were still heterogeneous in length. Brighter ZapA-GFP ring-like structures were present, although many cells still displayed aberrant ZapA-GFP localization, suggesting that overproduction of DapE does not restore spatial regulation of FtsZ assembly. Taken together, these results indicate that overexpression of dapE does not promote functional Z ring formation by increasing FtsZ, but causes brighter Z rings to appear by an unknown mechanism.
The above results suggest that overexpression of dapE enables E. coli to form functional Z rings at an FtsZ level that is otherwise not permissive in the Dmin DslmA mutant at 308C. To try and mimic this situation we tested whether overexpression of dapE allows division to occur in otherwise wild type cells but with reduced FtsZ. pBR322 or a derivative carrying dapE was transformed into JKD7.2/pSEB214, in which the chromosomal ftsZ has been deleted and FtsZ is provided from a compatible plasmid under an IPTGinducible promoter. As shown in Supporting Information Fig. S6 , 7.5 mM IPTG is required for optimal growth of JKD7.2/pSEB214 in the presence of the control vector pBR322, whereas, 3.75 mM IPTG was sufficient in the presence of the DapE plasmid. A Western blot showed that at 3.75 mM IPTG the level of FtsZ was 20% less than at 7.5 mM IPTG, whereas there was no significant difference in the level of ZipA (Supporting Information Fig. S6B ). This result revealed that increasing DapE allows survival with less FtsZ, suggesting that it makes FtsZ more 'efficient'.
DapE localizes to the division site
The results so far indicate that DapE promotes formation of the Z ring but whether it does so directly is not clear. It could be a regulator, act indirectly or be a component of the divisome. If it is directly involved, it might localize to the division site. To test this, GFP was fused to the C-terminal end of DapE without a linker or with linkers of 10 or 60 amino acids (DapE-GFP, DapE-L10-GFP and DapE-L60-GFP respectively) and the localization of these fusion proteins examined by fluorescence microscopy. DapE-GFP, without a linker, formed aggregates that were localized near the poles (Fig. 5) . Although DapE-L10-GFP and DapE-L60-GFP also aggregate at 428C, they displayed midcell localization at both 37 and 308C (Fig. 5 ; cells grown at 378C). DapE-L10-GFP was mostly distributed in the cytoplasm, but localized to midcell in a small percentage of cells (19%). DapE-L60-GFP also showed some cytoplasmic distribution, however, it displayed midcell localization in most cells (73%), suggesting that it localizes to the Z ring early in the division cycle. A control, L60-GFP, displayed only cytoplasmic localization. The different localization patterns among the GFP fusion proteins suggest that addition of GFP to the C-terminal end of DapE impairs its localization. Since correct localization is normally critical for division protein function, we checked whether the efficiency of localization correlated with the ability to rescue the Dmin DslmA mutant at 308C. As shown in Supporting Information Fig. S7 , the Dmin DslmA mutant was rescued by DapE-L60-GFP almost as well as wild type DapE, whereas, a higher induction of DapE-L10-GFP was required. These results indicate that localization to midcell is important for DapE's function in cell division. Despite the difference in localization efficiencies, both DapE-L10-GFP and DapE-L60-GFP displayed the same efficiency in rescuing the growth of a dapE deletion strain (data not shown). These results suggest that the addition of GFP and the length of the linker affect the division function of DapE, but not its enzymatic activity.
DapE depends on ZapB for localization to division site
To understand how DapE localizes to the division site, we checked its localization after the inactivation or depletion of FtsZ, FtsA or ZipA, the major components of the Z ring. PS106 carries the ftsZ84 temperature sensitive mutation so that when shifted to nonpermissive conditions, Z ring assembly is prevented. As shown in Supporting Information Fig. S8 , DapE-L60-GFP localizes to the potential division sites at 308C, however, after the cells were shifted to nonpermissive conditions for 30 min (LB no salt at 378C to avoid aggregation), it was in the cytoplasm indicating that DapE depends on FtsZ for localization to the division site. To test whether DapE depends on FtsA for localization, we employed strain CH2/pDB355 (Hale and de Boer, 1999) , in which ftsA is under the control of the kcI857 repressor. In this strain ftsA is expressed at 378C but repressed at 308C. As shown in Supporting Information Fig. S8 , DapE-L60-GFP still localized to potential division sites in FtsA- Fig. 5 . GFP fusions to DapE localize to the division site. Overnight cultures of W3110 carrying plasmid pDSW208 derivatives with inserts as depicted were diluted 1:100 in fresh LB medium with ampicillin and grown at 37˚C. At OD 600 0.4, the cultures were diluted 1:10 in LB medium with 50 mM IPTG and grown for 2 h. Cells were then immobilized on LB 1 2% agarose pad for photography. The scale bar is 5 lm.
depleted filaments, indicating that it does not require FtsA for localization. To check whether DapE-L60-GFP requires ZipA for localization to the division site, we employed strain PS195, in which expression of zipA is under an arabinose inducible promoter (Liu et al., 1999) . In the presence of arabinose, DapE-L60-GFP localized to the division site in most cells. In the absence of arabinose, DapE-L60-GFP still displayed localization to potential division sites in filamentous cells (Supporting Information Fig. S8 ). This result suggests that DapE does not depend on ZipA for localization. Consistent with this, we found that DapE-L60-GFP localized to potential division sites in a zipA deletion strain, whose growth is rescued by the presence of ftsA* (Supporting Information Fig. S9 ). Taken together, these results indicate that DapE depends on FtsZ, but not FtsA or ZipA for localization to the division site.
Although DapE depends on FtsZ for localization, it is possible that it also depends on the presence of a Zap protein for localization to the division site. We thus checked whether DapE required the presence of ZapA, which interacts directly with FtsZ (Galli and Gerdes, 2010) . As shown in Fig. 6 , DapE-L60-GFP did not show any sign of midcell localization in DzapA cells. Since ZapB is recruited to the Z ring by interaction with ZapA, we tested whether ZapB was required for DapE-L60-GFP localization. Interestingly, DapE-L60-GFP did not show any sign of midcell localization in the DzapB mutant indicating that DapE also depends on ZapB to localize to the Z ring. Taken together, we conclude that DapE depends on FtsZ, ZapA and ZapB for localization to the division site, but not other division proteins.
DapE interacts with ZapB in the bacterial two hybrid system
The localization analysis above suggests that DapE may interact with ZapB to localize to the division site. To determine if DapE interacts with ZapB we used the bacterial two hybrid assay. As shown in Fig. 7A , DapE interacted strongly with ZapB and to a lesser extent with ZapA and FtsZ, but not with other divisome proteins such as FtsA, FtsEX or FtsQ. The interaction with ZapA and FtsZ is possibly indirect because the BTH assay is prone to false positives when the tested protein pairs are components of a larger protein complex. Consistent with this, the interaction signal between DapE and ZapA or FtsZ was eliminated when ZapB was deleted from the BTH strain (Fig. 7B) . Taken together, these results suggest that DapE interacts with ZapB directly, consistent with the fact that it depends on ZapB for localization to the division site.
DapE depends on the presence of ZapB for its function in division
Since DapE depends on ZapB to localize to the division site, its effect on cell division should be abolished when zapB is deleted. However, it was not clear whether a triple mutant deleted for min, slmA and zapB could survive at 428C, although such a triple mutant survives in minimal medium (Bailey et al., 2014) . To test whether zapB was essential for growth of a Dmin DslmA strain at 428C we deleted zapB from the Dmin DslmA strain SD411 (W3110, min<>frt, slmA::cat) in the presence of the plasmid pSEB104CDE, which provides Min function in the presence of arabinose (Wu et al., 2011) . The resultant strain SD414 (W3110, min<>frt, slmA::cat, zapB::-kan/pSEB104CDE) grew well with or without arabinose at 428C, but it only grew in the presence of arabinose at 308C (Supporting Information Fig. S10 ). This result suggests that ZapB is not essential for the growth of the Fig. 6 . Localization of DapE-L60-GFP to the division site is dependent on ZapA and ZapB. Overnight cultures of W3110, PS620 (W3110, zapA::cat) or SD210 (W3110, zapB::kan) carrying plasmid pSD287 (P lac ::dapE-l60-gfp) were diluted 1:100 in fresh LB medium with ampicillin and grown at 30˚C. At OD 600 0.4, the cultures were diluted 1:10 in LB medium with 100 mM IPTG and grown for 2.5 h. Cells were then immobilized on LB 1 2% agarose pad for photography. The scale bar is 5 lm.
Dmin DslmA strain at 428C. Consistent with this, we could create the strain SD418 [W3110, min<>frt, slmA::cat, zapB::kan] at 428C and this mutant failed to grow at 308C, similar to a Dmin DslmA mutant (data not shown).
Since ZapB is not required for survival in the absence of min and slmA at 428C, it allowed us to test whether overexpression of dapE allowed this triple mutant (SD418) to grow at 308C. As shown in Fig. 8A , overexpression of dapE rescued the growth of the Dmin DslmA strain SD411 at 308C but not of the Dmin DslmA DzapB strain SD418. In contrast, overproduction of FtsZ allowed growth of both strains. Thus, although ZapB is not required for suppression of Dmin DslmA by FtsZ overproduction, it is required for suppression by DapE overproduction. Note that FtsZ promoted the growth of the triple deletion mutant better than the double deletion mutant although the reason is not clear.
We also tested whether suppression of an ftsEX deletion mutant by dapE overexpression requires ZapB. As shown in Fig. 8B , overexpression of dapE did not rescue the growth of the ftsEX deletion mutant on LB plates in the absence of ZapB. In contrast, the rescue of the ftsEX deletion by overexpression of ftsN was not dependent on the presence of ZapB. Taken together, these results demonstrate that the localization of DapE to the division site through ZapB is critical for it to exert its function in cell division.
DdapE is synthetic sick with fts mutants and the min deletion Our results demonstrate that DapE is a constituent of the divisome through association with the Ter complex, however, previous studies of DapE indicate that it is not critical for cell division. For example, a dapE deletion strain can be generated easily when DAP is provided in the growth medium and a dapE deletion strain of E. coli can be complemented by various enzymes from other bacteria that synthesize DAP (Wu et al., 1992; McCoy et al., 2006) . Indeed, we had no trouble in constructing a dapE deletion strain when the medium contained more than 0.1 mM DAP. The dapE deletion strain grew slightly slower than the wild type strain on solid agar plates in the presence of DAP (2 mM) at temperatures below 378C, although it did not grow at 428C (Supporting Information Fig. S11A ). This growth defect at 428C is likely due to a deficiency in taking up DAP from the medium to support a fast growth rate because DapE-L10-GFP which retains enzymatic activity, but does not localize well to the Z ring, rescued the growth at 428C. In liquid medium, the dapE deletion strain grew as well as the wild type strain in the presence of DAP without a noticeable division defect (Supporting Information Figs. S10B and S10C). These results confirm that dapE is not essential as long as DAP is provided.
Deletion of zapA or zapB has only a minor impact on cell division as the average cell length is only increased by 25% (Galli and Gerdes, 2010) . However, deletion of zapA or zapB is often synthetic sick or lethal with a temperature sensitive allele of an essential fts gene at permissive temperature (Galli and Gerdes, 2012) . We thus tested whether deletion of dapE is synthetic sick or lethal with fts mutants. As shown in Fig. 9A , deletion of dapE exacerbated the growth defect of ftsZ84 (Ts) and ftsA12 (Ts) mutant (BTH101, zapB<>frt) . The next day, single colonies were resuspended in 1 ml LB medium and 3 ml of each aliquot was spotted on LB plates containing 100 mg/ ml ampicillin, 25 mg/ml kanamycin, 40 mg/ ml X-gal and 25 mM IPTG. Plates were incubated at 30˚C overnight before imaging.
strains at 308C but not of the other fts mutants tested. At 378C, where the ftsZ84 strain still grew well, the ftsZ84 DdapE strain could not form colonies, consistent with a role for DapE in promoting formation of Z rings. To further explore the function of DapE, we tested whether deletion of dapE affected the growth of a min or slmA deletion strain. As shown in Fig. 9B , a Dmin DdapE mutant displayed a synthetic sick phenotype below 308C, whereas, deletion of dapE had no detectable impact on the growth of the slmA mutant. These results suggest that although DapE is not essential for division, it becomes important when Z ring formation is impaired by a less functional FtsZ protein or by deletion of the Min system, similar to what has been observed with deletion of zapB (Galli and Gerdes, 2010) .
Overexpression of dapE provides some resistance to MinCD and SulA
Since deletion of dapE alone does not affect cell division significantly, we tested whether overexpression would block cell division. As shown in Supporting Information Fig. S12 , overexpression of dapE did not have a noticeable effect on cell division. This is perhaps not surprising since it interacts with ZapB which is not essential for division. Since we suggested that overexpression of dapE strengthens the Ter signal, and we showed that it allows cells to divide with less FtsZ, we tested whether overexpression of dapE provides resistance to the FtsZ inhibitors MinCD and SulA. As shown in Fig. 10 , overexpression of dapE provided some resistance to MinCD overproduction ( Fig. 10A) and to a low dose of nitrofurantoin A. DapE requires ZapB to suppress the growth defect of the Dmin DslmA mutant at 30˚C. Single transformants of SD411 (W3110, min<>frt slmA::cat) or SD418 (W3110, min<>frt slmA::cat zapB::kan) carrying plasmid pDSW208 (P lac ::gfp), pDSW208-dapE ((P lac ::dapE) or pBANG112 (ftsZ) from plates incubated at 42˚C were resuspended, serially diluted and spotted on plates with increasing concentrations of IPTG. The plates were incubated at 42 and 30˚C overnight before photography. Note that FtsZ does not require ZapB to rescue the Dmin DslmA mutant at 30˚C. B. DapE requires ZapB to suppress the growth defect of the DftsEX mutant on LB plates. Single transformants of SD220 (W3110, leu::Tn10 ftsEX::cat) or SD413 (W3110, ftsEX::cat zapB::kan) carrying plasmid pDSW208, pDSW208-dapE or pSEB417 (P lac ::ftsN) from LB 1 sucrose plates were resuspended, serially diluted and spotted on plates with increasing concentrations of IPTG. The plates were incubated at 37˚C overnight before photography. Note that FtsN does not require ZapB to rescue the DftsEX mutant. (Fig. 10B) , a drug that causes DNA damage and induces sulA expression. Taken together, these results suggest that although dapE is not essential for cell division, its overexpression is beneficial for cell division under conditions where Z ring formation is compromised.
Discussion
The N-succinyl-L,L-diaminopimelic acid desuccinylase DapE is an essential enzyme involved in the biosynthesis of diaminopimelic acid which is the precursor of meso-DAP, an essential component of peptidoglycan. Although DapE has been isolated as a multicopy suppressor of a deletion mutant of ftsEX or ftsP (Samaluru et al., 2007) , the basis for suppression was not investigated. Previous studies on DapE were mainly focused on its enzymatic activity in vitro. In this study, we find that DapE is a previously unrecognized divisome protein in E. coli, although its function in division does not require its enzymatic activity. DapE localizes to the division site through ZapB and suppresses the division defect of the Dmin DslmA strain when overproduced. Our results indicate that DapE does this by interacting with ZapB to promote formation of competent Z rings. This interaction with ZapB is also necessary for DapE to suppress the growth defect of the ftsEX deletion strain. Although dapE is not essential for cell division in the presence of DAP, it is beneficial under many conditions that weaken Z ring formation, such as in ftsZ84 or min mutants. Also, overexpression provides weak resistance to FtsZ inhibitors MinCD and SulA. Based on these results, we propose that DapE is a new divisome protein that can enhance the Ter signal via ZapB to promote Z ring formation (Fig. 11) . This study also suggests that DapE has evolved a secondary function in cell division independent of its enzymatic function and highlights the potential existence of additional divisome proteins that have not yet been identified.
DapE was isolated as a multicopy suppressor of the Dmin DslmA strain during our effort to understand how high temperature suppresses the growth defect of this strain, which is deficient in spatial regulation of Z ring positioning. Overexpression of dapE does not restore the spatial regulation of Z ring formation in the Dmin DslmA cells, but it somehow enables aberrant FtsZ structures to mature into competent Z rings and thus promote division (Fig. 4) . Several lines of evidence indicate that DapE is part of the Ter-MatP-ZapA-ZapB complex and it promotes competent Z ring formation by enhancing the Ter signal via ZapB. First, it depends on ZapB for localization to the division site. Second, it requires the presence of ZapB to suppress the growth defect of Dmin DslmA or DftsEX strains. Third, DapE strongly interacts with ZapB in the bacterial two-hybrid test. Although a weaker interaction between DapE and ZapA or FtsZ could be detected, such an interaction signal was abolished in the absence of ZapB (Fig. 7) , suggesting that the interaction with ZapA or FtsZ was indirect. Thus, we conclude that DapE is new member of the Ter signal.
Although we and other groups have found that overexpression of dapE promotes division under a number of conditions that impair cell division (Reddy, 2007; Samaluru et al., 2007) , deletion of dapE does not cause a delay in cell division. Its beneficial role in cell division only becomes evident when formation of Z rings is compromised, such as the ftsZ84 and the min mutants (Fig.  9) . Such a synthetic sick phenotype with ftsZ84 or min deletion has also been observed with deletion of zapB (Galli and Gerdes, 2010; Galli and Gerdes, 2012) , indicating that deletion of dapE mimics some of the phenotypes of a zapB deletion. However, deletion of zapB causes a more evident defect in cell division (25% longer average cell length and some misshapen septa) A. Deletion of dapE exacerbates the growth of ftsZ84 or ftsA12 mutants. Single colonies of indicated strains from 30˚C were resuspended, serially diluted and spotted on LB plates with 2 mM DAP. The plates were incubated at 30 and 37˚C overnight before photography. B. DdapE is synthetic sick with Dmin. Spot test performed as (A). (Galli and Gerdes, 2010; Buss et al., 2015) , implying that ZapB plays a more important role in division than DapE.
Our results suggest that DapE enhances the Ter signal by acting on ZapB, although how it does this is not clear. ZapB assembles into a poorly characterized polymeric network that links the MatP-Ter macrodomain to ZapA bound to FtsZ filaments (Espeli et al., 2012; Buss et al., 2015) . The ZapA-ZapB-MatP protein network is thought to promote and stabilize the Z ring by aligning FtsZ filament clusters (Buss et al., 2013; Buss et al., 2015) . Since DapE has been shown to exist as A. Overexpression of dapE provides some resistance to minCD overexpression. Plasmid pBANG59 (P tac ::minC minD) was co-transformed with pBR322 or pBR322-dapE into strain S4 (S3, min::kan). A single transformant of each strain was resuspended, serially diluted and spotted on LB plates with antibiotics and increasing concentrations of IPTG. The plates were incubated at 37˚C overnight before photography. B. Overexpression of dapE provides some resistance to nitrofurantoin. Plasmid pBANG112 (ftsZ), pDSW208 or pDSW208-dapE was transformed into strain W3110 or W3110 Dlon. A single colony of each transformant was resuspended, serially diluted and spotted on LB plates with 0.5 mg/ml of nitrofurantoin and varying concentration of IPTG. The plates were incubated at 37˚C overnight before photography. Note that FtsZ is constitutively produced from plasmid pBANG112 about 1.5-2-fold above the chromosomal level. dimers (Nocek et al., 2010) it is possible that DapE promotes the ZapB polymer network such that the ZapAZapB-MatP linkage concentrates FtsZ promoting formation of a functional Z ring. It will be interesting to investigate how the DapE interaction with ZapB modulates the Ter signal in the future.
The division defect of the Dmin slmA strain is also suppressed by growth in minimal medium, although it is not clear why, it is possibly linked to the slower growth rate (Bernhardt and de Boer, 2005) . Therefore, it was surprising the that growth in rich medium (LB) at 428C, which supports a faster growth rate, also suppressed. The simplest explanation would be that ftsZ expression is increased at 428C, but western blots do not support this. Since the Ter signal can stabilize and position the Z ring at midcell, another possibility is that the Ter signal is enhanced at 428C (increased levels of DapE or ZapA, ZapB). However, deletion of zapB, which eliminates the linkage between the Z ring and the Ter region, did not affect the growth of Dmin DslmA mutant at 428C (Supporting Information Fig. S10 ). This also rules out DapE being responsible since it acts through ZapB. These observations and the fact that the Dmin DslmA strain and the Dmin DslmA DzapB strain grow well in M9 minimal medium (Bernhardt and de Boer, 2005; Bailey et al., 2014) raise the possibility of the existence of additional factors that can support Z ring formation.
Our study indicates dapE promotes Z ring formation through ZapB, however, its overexpression also suppresses ftsEX and ftsP deletion strains, which have a defect at a step after Z ring formation. FtsE and FtsX form a pseudo-ABC transporter that localizes to the Z ring early to coordinate Z ring contraction and septal PG hydrolysis through its ATPase cycle (Schmidt et al., 2004; Reddy, 2007 Yang et al., 2011) . Their presence at the Z ring is also necessary for recruitment of downstream division proteins (Schmidt et al., 2004) . A recent study suggested that FtsEX acts on FtsA to regulate the recruitment of downstream divisome proteins and to activate septal PG synthesis (Du et al., 2016) . In contrast, FtsP is located in the periplasm and is recruited at a late stage as it depends on FtsN for localization (Samaluru et al., 2007; Tarry et al., 2009) . Its role in cell division is not clear, but its overproduction suppresses many fts mutants, although not ftsZ84 (Samaluru et al., 2007) , indicating that it stabilizes the divisome complex through interactions with divisome proteins in the periplasm.
Deletion of FtsEX or FtsP does not significantly affect Z ring assembly unless cells are stressed by low osmolarity and/or high temperature (Schmidt et al., 2004; Tarry et al., 2009) . If dapE functions at this stage of Z ring formation, then how can its overexpression rescue DftsEX or DftsP mutants? Perhaps this has something to do with the intimate relationship between the stability of the Z ring and maturation/activity of the divisome complex. As the divisome complex is a protein network extending from the chromosome to the three layers of the cell envelope (Buss et al., 2015) , the status of the Z ring will be quickly communicated to the periplasmic part of the divisome and vice versa. It is known that conditions that promote the integrity of the Z ring can suppress fts mutants or even bypass some fts genes while conditions that weaken the integrity of the Z ring exacerbate fts mutants. For example, increasing the level of FtsQAZ (largely FtsAZ) together can suppress many fts mutants and bypass division proteins such as ZipA, FtsK and FtsEX (Geissler and Margolin, 2005; Reddy, 2007; Pichoff et al., 2015) . Normally these proteins are necessary for recruitment of downstream division proteins to the Z ring to form the complete divisome, yet modulating the level of FtsQAZ can bypass them. Similarly, conditions that promote maturation and activity of the divisome favor formation of competent Z rings. For example, overexpression of ftsN suppresses ftsA12 and zipA1 (and DzipA) (Addinall et al., 1997; Pichoff et al., 2015) , which impair the integrity of the Z ring. Mutations in ftsB, ftsL and ftsW that activate the divisome (require less FtsN for division) can bypass ZipA or support cell division with a markedly reduced level of FtsA (Tsang and Bernhardt, 2015) . These proteins are not involved in Z ring formation, yet they can promote formation of competent Z rings by activating septal PG synthesis.
Generally speaking, there is a positive influence of Z ring stability on maturation or activity of the divisome and vice versa. However, there are observations that cannot be explained by such a simple model. For example, although FtsA* and similar FtsA mutants, which are thought to be better at recruitment and activation of septal PG synthesis, are able to bypass zipA, ftsEX or ftsP, but they cannot suppress ftsZ84 nor allow cell division with reduced levels of FtsZ (Geissler et al., 2003 (Geissler et al., , 2007 Reddy, 2007; Samaluru et al., 2007) , suggesting they do not promote Z ring formation. Surprisingly, we found that FtsA* and similar FtsA mutants can suppress Dmin DslmA (data not shown), indicating they promote Z ring integrity by facilitating the formation of the complete divisome. Overexpression of ftsN also promotes formation and activation of the complete divisome and its overexpression bypasses ftsEX and ftsP (Reddy, 2007; Gerding et al., 2009; Liu et al., 2015; Pichoff et al., 2015; Du et al., 2016) . However, as shown in this study it does not suppress Dmin DslmA and it also fails to rescue ftsZ84. It is not clear why FtsA* or FtsN helps under certain conditions, but not others. Future studies to look at the structure and dynamics of the Z ring under various conditions may provide some insights into the mechanisms by which modulation of the Z ring can affect maturation and activity of the divisome and vice versa.
DapE was first isolated as a multicopy suppressor of a temperature sensitive mutant of GrpE (GrpE280), which is the nucleotide exchange factor for the DnaK chaperone (Wu et al., 1992) . It has not been explored why overexpression of dapE suppresses GrpE280, but it may involve its function in cell division. Some DnaK mutants or deletion of dnaK have been shown to result in a severe cell division block that can be suppressed by overexpression of ftsZ (Bukau and Walker, 1989; McCarty and Walker, 1994) . Perhaps, DnaK is required for the stability of FtsZ and in its absence, the level of FtsZ is reduced making formation of Z rings more difficult. Since overexpression of dapE enables FtsZ to form functional Z rings at a lower level by enhancing the Ter signal, it may suppress GrpE280, similar to the situation with the Dmin DslmA mutant.
Although it is believed that most of the essential divisome proteins in E. coli have been identified, the last few years have witnessed the identification of many new nonessential division proteins. Most of these proteins appear to regulate division in response to environmental stimuli and increase or reduce the stability of the Z ring. Examples of regulators are the moonlighting enzymes involved in the adjustment of cell size to growth rate. In E. coli, the glucosyl transferase OpgH is a nutrient dependent regulator of cell size (Hill et al., 2013) . OpgH localizes to the Z ring in a growth rate dependent manner and is thought to transiently delay Z ring assembly at faster growth rates (Hill et al., 2013) . We have not observed an effect of DapE on cell size suggesting it is not involved in this regulation. During cell division, the majority of cell wall synthesis occurs at the septum and there may be some value in having DapE localized to the Z ring. Enzymes involved with PG precursor synthesis have been found to be associated with the divisome or elongasome in a number of bacteria. For example, the PG glycosyltransferase MurG has been reported to form complexes with components of the divisome and elongasome in E. coli and Caulobacter crescentus (Aaron et al., 2007; Mohammadi et al., 2007) . The N-acetyl-diaminopimelate deacetylase DapI, which is responsible for synthesizing DAP in Bacillus subtilis, has been reported to interact with MreB (Rueff et al., 2014) . It will be interesting to see how disruption of such associations affects growth and division of these bacteria in the future.
Experimental procedures
Media, bacterial strains, plasmids and growth conditions Cells were grown in LB (1% tryptone, 0.5% yeast extract, 0.5% NaCl and 0.05 g/l thymine) or LB with 0.2 M sucrose at indicated temperatures. When needed, antibiotics were used at the following concentrations: ampicillin 5 100 mg/ ml; spectinomycin 5 25 mg/ml; kanamycin 5 25 mg/ml; tetracycline 5 25 mg/ml; and chloramphenicol 5 20 mg/ml. When cells carried the cat marker integrated in the chromosome, chloramphenicol was used at 10 mg/ml.
Strains carrying the dapE::cat marker were constructed by P1-mediated transduction (Miller, 1992) (Table 1) except strains SD284 and SD285. Transductants were selected on LB plates with chloramphenicol, 1 mM sodium citrate and 2 mM DAP. Strains SD284 and SD285 were constructed by consecutive P1-mediated transduction of slmA::kan from strain TB85 (TB28, slmA::kan) and min::kan from S4 (W3110, leu::Tn10 min::kan) into strain SD359 (W3110, leu::Tn10 dapE::cat). Strain SD360 was obtained by transducing zapA-gfp-Cam r from strain HC261 (TB28, zapA-gfpCam r ) into strain S21 (W3110, min<>frt, slmA::kan). Strains carrying the zapB::kan marker (SD210, SD413, SD414, SD416 and SD418) were constructed by P1-mediated transduction of zapB::kan from strain MG1655 zapB::kan into respective strains (Table 1) . Strain SD417 was constructed by removing the zapB::kan marker by FLP recombinase using plasmid pCP20.
Plasmid pBR322-dapE or pBR322-ypfN was constructed by ligation of a BamHI/HindIII digested DNA fragment containing dapE or ypfN into BamHI/HindIII digested pBR322 respectively ( Table 2) . The dapE or ypfN containing fragment was amplified by PCR from pMCS6 using primer pair dapE-For/dapE-Rev or ypfN-For/ypfN-Rev (Table 3) .
Plasmid pDapE-GFP was constructed by ligation of a SacI/BamHI digested DNA fragment containing dapE into SacI/BamHI digested pDSW208. The dapE containing fragment was amplified by PCR from pMCS6 using primer pair dapE-gfp-F/dapE-gfp-Rev.
Plasmid pDSW208-dapE was obtained by ligation of a BamHI/HindIII digested DNA fragment containing dapE into BamHI/HindIII digested pDSW208. The dapE containing fragment was amplified by PCR from pMCS6 using primer pair dapE-For/dapE-Rev. pDSW208-DapE E134A was obtained by site-directed mutagenesis using primer pair dapE-E134A-F/dapE-E134A-R.
Plasmid pKNT25-dapE was constructed by ligation of a HindIII/BamHI digested DNA fragment containing dapE into HindIII/BamHI digested pKNT25. The dapE containing fragment was amplified by PCR from plasmid pDSW208-dapE using primer pairs BTH-dapE-HindIII/BTH-dapE-BamHI.
Plasmid pMCS6 was isolated as a multicopy suppressor of the Dmin DslmA mutant at 308C from a multicopy library of the E. coli genome. It contains a 5751 bp insert with the DapE-ypfN operon in pBR322. This library was created by ligation of Sau3AI/BamHI partially digested E. coli genomic DNA into Sau3AI/BamHI digested pBR322.
Plasmid pSD281 and pSD282 were obtained by ligation of a BamHI/SalI digested DNA fragment containing dapE into BamHI/SalI digested pDSW210 and pDSW208 respectively. The dapE containing fragment was amplified by PCR from pDSW208-dapE using primer pair dapE-For/3-dapE-L-SalI.
Plasmid pSD286 was obtained by ligation of an XbaI/ PstI digested DNA fragment containing the Caulobacter DapE enhances the Ter signal 339 crescentus ftsZ into XbaI/PstI digested pDSW208. FtsZ is an intrinsically disordered region of CcFtsZ. This CcftsZ 418-478 containing fragment was amplified by PCR from pMT219 using primer pair 5-XbaI-CcftsZ418/3-CcftsZ478-PstI.
Plasmid pSD287 carries a BamHI/XbaI fragment containing dapE inserted into BamHI/XbaI digested pSD286. The dapE containing fragment was amplified by PCR from pDSW208-dapE using primer pair dapE-For/3-dapE-XbaI.
Plasmid pSD288, pSD289 or pSD290 were constructed by ligation of an EcoRI/HindIII digested DNA fragment containing zapA, zapC or zapD into EcoRI/HindIII digested pDSW208. The zapA, zapC or zapD containing DNA fragments were amplified by PCR using E. coli chromosomal DNA and primer pairs 5-EcoRI-zapA/3-zapA-HindIII, 5-EcoRI-zapC/3-zapCHindIII or 5-EcoRI-zapD/3-zapD-HindIII respectively.
Plasmid pT18-Q was constructed by ligation of an XbaI/ EcoRI digested DNA fragment carrying ftsQ into XbaI/ EcoRI digested pUT18C. The ftsQ containing fragment was amplified by PCR using E. coli chromosomal DNA and primer pair 5-XbaI-ftsQ/3-ftsQ-EcoRI. Plasmid pT18-Z was constructed by ligation of an XbaI/ XmaI digested DNA fragment containing ftsZ into XbaI/ XmaI digested pUT18C. The ftsZ containing fragment was amplified from pBANG112 by PCR using primer pair 5-XbaI-ftsZ/3-ftsZ-XmaI.
Plasmid pUT18C-zapA and pUT18C-zapB were constructed by ligation of XbaI/EcoRI digested DNA fragments containing zapA or zapB into XbaI/EcoRI digested pUT18C respectively. The zapA or zapB containing fragment was amplified by PCR from chromosomal DNA using primer pairs 5-XbaI-zapA/3-zapA-EcoRI and XbaI-zapB/3-zapB-EcoRI.
Screen for multicopy suppressor of the Dmin DslmA mutant Overnight culture of strain DU5 (W3110, min::kan slmA::cat) from 428C was diluted 1003 in fresh LB medium with appropriate antibiotics and MgSO 4 (5 mM). The diluted culture was grown at 428C until OD 600 reached about 0.8. The cells were collected and made electro-competent by washing three times with ice-cold water containing 15% glycerol. The library that carries E. coli genomic fragment was transformed into the DU5 competent cells and suppressors were selected on LB plates containing kanamycin, chloramphenicol and ampicillin at 308C. Efficiency of transformation was determined by plating serially diluted transformed cultures at 428C. The 30 best growing colonies at 308C were purified on the same selection plates and plasmids were isolated from subsequent cultures. The inserts were determined by sequencing the junctions between the insert and the plasmid using primer 322-seq-F and 322-seq-R.
BTH assay
To detect the interaction between DapE and the other division proteins, appropriate plasmid pairs were co-transformed into BTH101 or SD417 (BTH101, zapB<>frt). The next day, single colonies were resuspended in 1 ml LB medium and 3 ml of each aliquot was spotted on LB plates containing 100 mg/ml ampicillin, 25 mg/ml kanamycin, 40 mg/ml X-gal and 25 mM IPTG. Plates were incubated at 308C overnight before imaging.
Western blot
To measure the level of FtsZ or ZipA at different temperatures, overnight culture of DU5 (W3110, min::kan slmA::cat) at 428C was diluted 1:100 in fresh LB medium with appropriate antibiotics and grown at 428C with shaking for about 2 h. The cultures were then diluted 1:10 in LB medium and split in half. One was kept at 428C, while the other half was shifted to 308C. Samples were taken after they was grown Busiek et al. (2012) DapE enhances the Ter signal 341 for 2 h. To make sure that same amount of cell mass was used for each culture, the volume taken from each culture was adjusted according to its OD 600 . Cells were collected, resuspended in SDS-PAGE sample buffer and boiled for 10 min before they were loaded on the SDS-PAGE gel for analysis. Western blotting and detection of FtsZ or ZipA were performed as previously described (Dai and Lutkenhaus, 1991) . Anti-FtsZ serum or anti-ZipA serum was used at a final concentration of 1/1000. Quantification of the protein bands were obtained with ImageJ.
To measure the level of FtsZ in DU5 (W3110, min::kan slmA::cat) cells overexpressing dapE, overnight cultures of DU5 carrying plasmid pDSW208 or pDSW208-dapE at 428C were diluted 1:100 in fresh LB medium with appropriate antibiotics and grown at 428C with shaking for about 2 h. The cultures were then diluted 1:10 in LB medium with antibiotics and shifted to 308C. IPTG was added to the indicated concentrations to induce GFP or DapE. Samples were taken for western blot analysis as above 2 h post induction.
To measure the level of FtsZ in JKD7.2/pSEB214 (W3110, ftsZ::kan/P lac ::ftsZ) cells carrying pBR322 or pBR322-dapE, overnight cultures of each strain at 378C with 7.5 mM IPTG were diluted 1:100 in fresh LB medium with appropriate antibiotics. IPTG was added to the final concentration of 7.5 mM for cells carrying pBR322 and 3.75 mM cells carrying pBR322-dapE. After growth at 378C with shaking for about 2 h, samples were taken for western blot analysis as above.
Localization of GFP-fusion proteins
To visualize ZapA-GFP in SD360 cells (W3110, min<>frt slmA::kan zapA-gfp-cat) with or without dapE overexpression, an overnight culture of SD360/pDSW208-dapE was diluted 1:100 in fresh LB medium with appropriate antibiotics at 428C. Two hours later, the cultures were diluted 1:10 in LB with antibiotics and divided into four subcultures. Two subcultures were kept at 428C and IPTG was added to 100 mM to one of them. The other two subcultures were shifted to 308C and similarly IPTG was added one of the subcultures. Cells were immobilized on LB 1 2% agarose pad for photography 2 h post induction.
To determine the localization of GFP fusions to DapE, overnight cultures of W3110 carrying plasmids pDSW208 (P lac ::gfp), pSD282 (P lac ::dapE-l10-gfp), pSD286 (P lac ::l60-gfp) or pSD287 (P lac ::dapE-l60-gfp) were diluted 1:100 in fresh LB medium with ampicillin and grown at 378C. At OD 600 0.4, the cultures were diluted 1:10 in LB medium containing 50 mM IPTG and grown for 2 h. Cells were then immobilized on LB 1 2% agarose pad for photography. Localization of DapE-L60-GFP in the DzapA or DzapB cells was determined similarly. To visualize DapE-L60-GFP on inactivation of FtsZ, an overnight culture of PS106/pSD287 (S3, ftsZ84/P lac ::dapEl60-gfp) was diluted 1:100 in fresh LB medium with ampicillin and grown at 308C. At OD 600 0.4, the culture was diluted 1:10 in LB or LB without salt with 100 mM IPTG. The diluted culture in LB medium was kept at 308C while the diluted culture in LB without salt medium was shifted to 378C. Cells from 308C were immobilized on LB 1 2% agarose pad for photography 2 h post induction, while cells from 378C were fixed with paraformaldehyde and glutaraldehyde and then visualized.
To visualize DapE-L60-GFP localization on depletion of FtsA, overnight culture of CH2/pDB355 (ftsA 0 /k cI857 P kR ::ftsA) carrying pSD287 (P lac ::dapE-l60-gfp) from 378C was diluted 1:100 in fresh LB medium with ampicillin and grown at 378C. At OD 600 0.4, the culture was diluted 1:10 in LB with 100 mM IPTG. The diluted culture was split into half, one kept at 378C while the other shifted to 308C. Cells from 378C were immobilized on LB 1 2% agarose pad for photography 2.5 h post induction, while cells from 308C were visualized 4 h post induction when most of the cells became filamentous.
To visualize DapE-L60-GFP localization on depletion of ZipA, an overnight culture of PS195 (W3110 P ara ::zipA-kan) carrying pSD287 (P lac ::dapE-l60-gfp) from 308C was diluted 1:100 in fresh LB medium with 1% arabinose and ampicillin and grown at 308C. At OD 600 0.4, cells were collected and washed three times with LB to remove the arabinose. The cells were then resuspended in the same volume of LB medium and two subcultures were prepared by dilution of the culture 1:10 in LB. IPTG was added to a final concentration of 100 mM to both subcultures while 1% arabinose was added to only one. The diluted cultures were grown at 308C. Cells from subculture with arabinose were immobilized on LB 1 2% agarose pad for photography 2.5 h post induction, while cells from subculture without arabinose were visualized 5 h post induction when most of cells became filamentous.
